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The embryo culture system, which allows complete 
access and continuous observation of developing embryos, is 
a valuable biological tool. The chick embryo system has 
already proven useful in studies of tissue grafts, calcium 
absorption and teratogenic agents, however, its application 
has been limited because of the reduced rates of growth, 
development and survival of shell-less embryos in 
comparison to embryos maintained in~. This study was 
therefore conducted to aid in the design of a shell-less 
culture system that would support complete and normal 
growth and development of shell-less chick embryos. The 
work presented here provides the first detailed study to 
address hypoxia as a major cause of abnormal 
iii 
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characteristics of shell-less embryos. Embryos were 
cultured in 21-80% oxygen and examined routinely to 
determine the concentration of oxygen that best supported 
survival, growth and development. Results showed that 30% 
oxygen 
with 
improved the overall state of shell-less embryos 
Oxygen or without prior in ovo incubation. 
concentrations of 40-80% caused signs of hyperoxia, as well 
as marked peaks in mortality during days 13-16. Assays of 
metabolic parameters suggested that shell-less embryos 
grown in air suffered from hypoxia. While oxygen-treated 
embryos were significantly better developed than she11-
less embryos maintained in air, oxygen-treated embryos 
remained less developed than embryos maintained in ~. The 
results of this study however, establish the importance of 
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A century has passed since Preyer (1885) first 
reported results of culturing the chick embryo in vitro for 
approximately two days. Since that time, new techniques and 
better defined environmental conditions have led to the 
design of culture systems that will support chick embryonic 
development for a maximum of 21 days (3 days in ~ plus 18 
days in vitro) (Dunn et a1., 1981; Lester, 1981). 
Although a period of 21 days is equal to the time required 
for embryos to hatch when maintained inside the shell, in 
vitro studies have been limited in that only a small 
percentage of the initially incubated embryos survive to 
the 21st day. The few surviving embryos are 
characteristically smaller and less developed than embryos 
maintained in ~ for an equivalent period. Additionally, 
there have been no reports on the survival of shell-less 
embryos beyond the gestational period. 
Because the eggshell and shell membranes are 
instrumental in regulating oxygen flow to the embryo (Kayar 
et al. , 1981), removal of these components in shell-less 
I 




ultimately lead to low oxygen consumption by the embryo. 
Results from in ~ (Romanoff, 1972) and in vitro (Boone, 
1963) studies indicate that environments of low oxygen 
concentrations may be related to reduced growth and 
development of avian embryos. Dunn et~. (1981) and 
Lester (1981) reported that embryos cultured in vessels of 
low oxygen permeability survive for shorter periods and are 
less developed than embryos cultured in vessels with a 
higher oxygen permeability. Romanoff (1972) reported a 
high mortality rate for in ~ embryos that were incubated 
under low oxygen concentrations. He also stated that the 
incidence of dwarfism increases with the length of exposure 
of embryos to oxygen-free environments. 
The shell-less culture system has proven useful in 
studies of teratogenic agents (Joshi and Joshi, 1981), 
heart development (Fitzharris ~ ~., 1980), allografts 
(Hutson and Donahoe, 1983), limb grafts (Lester and 
Paulsen, unpublished observations) and the absorption of 
shell calcium during gestation (Tuan, 1980). Although the 
shell-less system has proven to be a useful tool, three 
complications have limited its use by scientists. In 




the embryos must be incubated in ovo 
48 hr (Dunn ~ ~., 1981; Slavkin et 





embryos died by day 10 of total incubation if not incubated 
in ~ for approximately 48 hr prior to shell-less culture. 
Since much of organogenesis in the chick embryo occurs 
during the first week of incubation, studies are limited to 
periods when many of the organs and tissues are well 
advanced in their 
be removed from 
development. However, if embryos could 
their shells with no prior in ovo 
incubation and treated prior to organogenesis, studies 
could be conducted when developing tissues show their 
greatest sensitivity. A technique which would allow one to 
remove embryos from their eggshells without prior in ovo 
incubation and continuously culture them in a shell-less 
environment would greatly enhance the usefulness of this 
system. 
The second limitation of this system is that embryos 
grown in shell-less cultures are characteristically less 
developed and weigh less than in ~ controls (De Gennaro 
~ ~., 1980). This suggests that some factor(s) associated 
with shell-less cultures alter the rate of embryonic 
metabolism resulting in reduced growth and development. 
Altered metabolic patterns may make it impossible to 
differentiate between the effects of treatment and those of 
the culture system. To overcome this problem, shell-less 
culture systems must provide an environment to support 
normal growth and development during gestation. 
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The third factor that limits the use of the shell-less 
culture system is that no embryo has survived beyond the 
gestational period. Although shell-less embryos have 
survived as long as 22 days (personal observation), a 
period when !£ ~ embryos are out of their shells and 
mobile, shell-less embryos appear too weak and too small to 
make the transition from prenatal to postnatal life. 
Because all shell-less embryos die during gestation, it is 
impossible to follow changes arising during gestation into 
adulthood. 
With these problems in mind, one can understand why 
scientists 
techniques. 
might be reluctant to employ 
However, were these problems 
shell-less 
resolved, 
scientists could exploit the improved technique to study 
many facets of embryonic development. The effects of drugs 
on localized tissues could be more easily studied. Organ 
and tissue transplants would be much simplier than current 
in ~ or intrauterine techniques allow. Most importantly, 
this system would advance knowledge of in vitro embryonic 
development. By placing embryos in highly controlled 
environments, one could accurately monitor the effects of 
various factors on development. Since avians rank second 
only to mammals on the evolutionary scale, studies of 
shell-less chicks may improve our understanding of the many 
factors that adversely affect mammalian development, thus 
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providing an improved system to study the problems of 
birth defects. 
Objective 
The overall objective of this study was to design 
a culture system that will support complete and normal 
development of shell-less chick embryos. The experiments 
were designed to determine whether chick embryos cultured 
in vitro show signs of hypoxia and if so, to determine its 
basis and whether the effects can be alleviated. This study 
was based on the hypothesis that the removal of the 
eggshell and shell membranes causes alterations in gas 
exchange which result in low oxygen consumption by the 
embryo. As a result of hypoxia, the shell-less embryo may 
suffer predictable abnormalities such as retarded growth 
rates and development, reduced survival and altered 
metabolic patterns. Correction of these problems would 
significantly advance studies of shell-less chick cultures 
by providing information regarding the basis for retarded 
growth and development and reduced survival rates. With 
this information in hand, scientists would be closer to 
devising a system that would support normal and complete 
development of shell-less avian embryos and providing a 




Hypoxia, the condition of a low concentration of 
oxygen in tissues, was one of the first pathogenic 
conditions studied in chick development. In 1820, Geoffrey 
St. Hilaire reported that abnormalities could be created in 
chick embryos by covering their eggshells with an 
impermeable material. Similar studies were conducted by 
Byerly (1926) with the same results. Since that time, many 
studies 
studies 
on this subject have been 
have described methods 
reported. Generally, 
of creating hypoxic 
conditions with the use of vacuum, diluted air, or high 
altitudes. However, some authors have reported the use of 
respiratory enzyme inhibitors to create hypoxic conditions 
(Spratt, 1950; Feldman ~ ~., 1959). Hypoxia has also been 
induced by reducing embryonic blood supply (Franklin and 
Brent, 1964) and reducing vitelline circulation (Cairns, 
1941). 
The various methods employed to create hypoxia have 
not caused different sets of abnormalities. Abnormalities 
caused by naturally occurring hypoxia are very similar to 





In order to better understand the pathogenic effects 
of hypoxia, scientists have compared abnormalities created 
as a result of oxygen deficiences to the normal state. 
Several morphological, physiological and biochemical 
parameters have been used to monitor hypoxia and have 
provided useful tools to better understand the importance 
of oxygen during embryonic development. 
How Chick Embryos Breathe 
The egg is a self-contained life-support system for 
the development of avian embryos. All nutrients, minerals 
and water needed for normal development are contained in 
the egg and eggshell. The only external requirements of 
the embryo are heat and oxygen (Rahn ~ al., 1979). The 
combination of heat and oxygen is used by the cells of 
developing embryos to drive the metabolic activities needed 
for growth and other cellular functions. During early 
development, avian embryos do not have organs equipped with 
the muscles necessary for the active intake of oxygen. 
Therefore, embryos must obtain their oxygen by simple 
diffusion. The many microscopic pores in the avian eggshell 
and shell membranes are crucial in this regard. Through 
the pores, oxygen becomes available to the 
carbon dioxide and water are released. 








circulating in the vessels of the chorioallantoic membrane 
(CAM). The oxygen is then transported to all parts of the 
embryo. The oxygen carrying capacity of each red blood 
cell is proportional to the available hemogloblin 
concentration of that cell (Romanoff, 1960). Since the 
avian embryo obtains oxygen by simple diffusion, changes in 
atmospheric oxygen may be compensated for by the cells 
responsible for oxygen absorption and delivery. This 
adaptation can be met by changes in the number of red blood 
cells and/or changes in hemoglobin concentrations 
(Romanoff, 1960). Tazawa (1980) provided support for these 
findings by showing that the number of red blood cells per 
unit of blood increases as the oxygen available to the 
cells decreases. The area of the exposed surface of the 
CAM in shell-less cultures may also influence the amount of 
oxygen available to developing embryos (Dunn ~ ~., 1981). 
By reducing the surface of the CAM, less oxygen becomes 
available to the red blood cells. 
In the process used by avian embryos to 
gases, different partial pressures of gases are 
exchange 
created 
within the boundaries of the eggshell and shell membranes. 
The partial pressure of oxygen is higher in the air-cell 
during the first half of the normal gestational period than 
during the latter half (Rahn et al., 1979). It seems likely --
that the eggshell and its membranes are preCisely adapted 
9 
in both shape and composition to meet the respiratory 
requirements of the chick embryo. The metabolic rate, 
which is 
synchronized 
influenced by oxygen and heat, 
so that by the end of a normal 
must be 
incubation 
period, the chick has developed to a point at which it can 
hatch and survive. 
Results from a number of studies have shown that the 
rate of oxygen consumption by avian embryos varies greatly 
during development (Romanoff, 1941; Rahn et ~., 1979; 
Kayar ~ ~., 1981). A very notable point of these studies 
is that the overall volume of oxygen consumed by the embryo 
increases during development while the volume of gas 
consumed per unit weight of the embryo decreases with 
development. Romanoff (1941) reported that two-day-old 
embryos consume oxygen at a rate of 47.70 cc/hr/gm. 
However, by 
only 1.02 
day 13 of incubation, the rate is reduced to 
cc/hr/gm. Because the weight of the embryo 
increases tremendously during this same period, total 
oxygen consumption increases from 0.143 cc/hr for a two-
day-old embryo to 7.516 cc/hr for a 13-day-old embryo. 
Although Tazawa (1971) did not measure oxygen 
consumption by the embryo, he was able to parallel 
Romanoff's work by showing that the partial pressure of 
oxygen in the blood of developing embryos decreases with 
development. Tazawa reported that for an eight-day period 
10 
(Days 8.75-16.75), the partial pressure of oxygen in the 
blood of chick embryos decreases from 97.6 mm Hg to 60.8 mm 
Hg. Kayar ~ a1. (1981) showed that while the permeability 
of the eggshell and outer shell membrane remains constant, 
the permeability of the inner shell membrane increases. 
Additionally, Kayar ~ al. (1981) showed that the partial 
pressure of oxygen in the air-cell decreases from 
approximately 110 Torr on day 10 to 85 Torr by day 17. 
Although during the latter period of development the inner 
shell membrane adjusts to allow more oxygen to reach the 
embryo, these reports suggest that the rate of oxygen 
consumption exceeds oxygen permeability, thus driving 
oxygen tension down and carbon dioxide tension up. Tazawa 
(1971) showed that the partial pressure of carbon dioxide 
in the blood of developing chick embryos rises from 11.6 mm 
Hg on day 9.75 to 43.8 mm Hg on day 16.75. 
Although no known function exists for the change in 
oxygen levels in developing embryos, such changes may be 
correlated with the metabolic rates at each stage of 
development and the signal for the initiation of 
pulmonary respiration and the hatching process. During the 
early stages of development when metabolic rates are high, 
one might expect embryonic cells to consume large amounts 
of ~ This 02 is very important in the production of 
energy and many other metabolic processes • Later in 
...... ---------------------------------
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development, when metabolism is reduced and embryos 
acquire more nonrespiring matter such as bone and other 
connective tissue matrices, oxygen consumption per unit 
weight of embryo would be expected to decline because such 
materials do not consume oxygen. 
Pettit and Whittow (1982 a,b) showed that a low 0 leo 
ratio can be correlated with the hatching process in many 
avian embryos such that when the gas ratio is low, the 
hatching process is initiated. The entire process of 
development must be highly synchronized so that the chick 
is strong enough to break into the air-cell and start 
pulmonary respiration. 
An Overview of the Terminology and Methodolo'gy 
Used in Studies of Hypoxia 
The term hypoxia generally denotes a low concentration 
of oxygen in tissue. Several other terms have been used to 
describe this condition or the effects of the condition: 
anoxaemia, anoxia, oxygen lack, oxygen want, and asphyxia. 
Because the term hypoxia has been used to describe 
conditions of less than a normal oxygen supply to tissues, 
it has been accepted as the most desirable term (Grabowski, 
1970). 
The concentration of oxygen in experimental 
environments has been described in a number of ways, such 
as percentage of oxygen, partial pressure of oxygen, or 
12 
barometric pressure. Basically, the concentration of 
oxygen available to tissues is used to determine the 
existence or absence of an hypoxic environment. 
Blood is commonly used to measure the concentration of 
oxygen available for metabolism. Since oxygen is first 
absorbed by red blood cells, determining the amount of 
oxygen in the blood can give an accurate measurement of the 
oxygen available to the tissues it supplies (Tazawa, 1971). 
Additionally, measurements of oxygen concentrations in 
amniotic fluids have also been used to detect hypoxia 
(Grabowski, 1970). 
Measurement of respiration is used as an indicator of 
hypoxic conditions. Oxygen concentrations of the blood 
have been shown to have a direct influence on respiratory 
rates. A low concentration of oxygen in the blood will 
lower the rate of respiration (Romanoff, 1960). Reduced 
respiratory rates of chick embryos cultured under hypoxic 
conditions have been studied in batches of eggs (Romanoff, 
1941), single eggs (Barott, 1937) and isolated blastoderms 
(Philips, 1941). In each case the respiratory rate was 
measured under different experimental conditions. Barott 
measured heat production; Romanoff measured total oxygen 
consumption; and Philips measured oxygen consumption per 
unit nitrogen . The rate of respiration does not appear to 
play a significant role in identifying hypoxic conditions 
13 
until the last 3-4 days of development (Romanoff, 1960). 
During this time the chick will break through the air-cell 
and start pulmonary respiration. 




Respiratory parameters, including factors such as 
oxygen content, hematocrit, and RBe count may be 
as early as the the 5th day of incubation 
(Romanoff, 1972). Respiratory parameters have provided 
scientists with a direct approach to the measurement of 
hypoxic conditions. Kayar et~. (1981) estimated 
respiratory parameters using an oxygen electrode. The 
electrode was used to determine the oxygen permeability of 
the shell and shell membranes of chick embryos during 
development. By determining the permeability of the 
eggshell and associated membranes, Kayar and associates 
could predict the amount of oxygen available to the 
developing embryo. Their results indicate that the oxygen 
permeability of the eggshell and outer shell membrane 
remain constant throughout incubation. The inner shell 
membrane acts as the regulator for oxygen permeability. 
Kayar and associates (1981) reported that the inner shell 
membrane has a low oxygen permeability during the first 
five days of incubation. After this initial 
permeability of the inner shell membrane 






Although the eggshell membranes play an important role 
in oxygen permeability, they have been shown to have little 
influence on the regulation of hypoxia. Metcalfe et al. 
(1979) reported studies on developing chicks in which 
hypoxia was induced by reducing the oxygen conductance of 
the eggshell. These investigators noted that there is no 
adaptive change in eggshell or shell membrane permeability 
in response to low oxygen concentrations. They suggested 
that adaptations to hypoxia are regulated at the tissue 
level. In animals exposed to low oxygen concentrations, 
changes in hemoglobin content and the number of red blood 
cells help to meet the oxygen demands of developing tissues 
(Romanoff, 1960). 
Measurement of Respiratory Parameters Under 
Hypoxic Conditions 
The measurement of respiratory parameters has been 
used in experiments to determine alterations caused by 
hypoxia. Tazawa (1971) studied changes in the partial 
pressures of oxygen and carbon dioxide, oxygen content, 
oxygen saturation and capacity, and hematocrit levels in 
blood collected from developing embryos. Later, Tazawa et 
~. (1971) reported on similar studies of chick embryos in 
which hypoxia had been induced by covering part of their 
shells with an impermeable material. They showed that the 
15 
hematocrit value increased by 10-15% as the partial 
pressure of oxygen decreased by 5-10%. Blood from vessels 
in the CAM's of embryos with their shells covered contain 
a higher concentration of carbon dioxide than embryos with 
their shells exposed to air (Tawaza ~ ~., 1971). The 
oxygen concentration of blood from the CAM vessels is low 
in comparison to concentrations for normal conditions. 
Hematocrit levels increase as the partial pressure of 
oxygen in circulating blood decreases. Because oxygen is 
vital for metabolism, Tazawa (1980) suggested that a low 
concentration of oxygen in the blood of chick embryos could 
lead to lower body weights of the embryos. 
Methods employed to measure respiratory parameters 
under hypoxic conditions are very similar to methods used 
under normal conditions. The basic consideration in 
devising methods to measure the effects of altered 
respiratory parameters focuses on developmental aspects 
such as growth. However, survival rates and hatchability 
have also provided an accurate measurement of the effects 
of altered respiratory parameters. 
Survivability and Hatchability of Chick Embryos 
Cultured Under Hypoxic Conditions 
Several studies have focussed on the ability of avian 
embryos to survive hypoxic conditions. Romanoff (1972) 
.... ---------------------------------
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reported studies in which embryos were exposed to an 
experimental 
results of 
environment containing 10-21% 





embryonic survivability under hypoxia was significantly 
lower than the survivability of embryos cultured under 
normal conditions. Embryos exposed to an oxygen 
concentration of 3-5%, for 3-5 hr, experienced a high 
mortality rate when exposure occurred during the first five 
days of development (Romanoff, 1960). Up to 75% of the 
embryos exposed on the 5th day of incubation died. Embryos 
4-13 days of age appear to be most susceptible to the 
adverse effects of low oxygen concentrations (Romanoff, 
1972). 
Studies correlating hatchability with altitude were 
reported during the mid-1960's (Francis ~ ~., 1967). 
When embryos were incubated under similar environmental 
conditions except altitudes, 
hatched at altitudes of 2194, 
the percentages of eggs that 




the percentages at sea 
the low hatchability to 







weakening effects of low oxygen concentrations, embryos 
cultured under hypoxic conditions were often too weak and 
too small to hatch. 
Hatchability of chick embryos cultured under hypoxic 
17 
conditions has also provided a direct means of 
the effects of low oxygen concentrations. 
monitoring 
Taylor and 
Kreutziger (1965) reported studies in which they varied the 
environmental oxygen concentration around developing chick 
embryos. Different mixtures of carbon dioxide and oxygen 
were used to determine the effects of low oxygen 
concentrations on hatchability. Their results showed that 
the hatchability of embryos incubated in low oxygen 
environments was significantly less than that of embryos 
cultured under normal conditions. Although Taylor and 
Kreutziger stated that hatchability was decreased in 
embryos exposed to low oxygen concentrations, they found 
that hatchability was influenced less by hypoxia as the 
embryos mature. However, morphological changes associated 
with embryonic death were more pronounced in older embryos 
than in younger ones. 
As a general rule, the effects of hypoxia on the sur-
vivability and hatchability of chick embryos are quite 
severe. The number of embryos that survive to the time of 
hatching is less than under normal conditions. The fact 
that embryos cultured under hypoxic conditions experience a 
higher mortality rate and altered respiratory parameters 
does not explain the mechanism underlying hypoxia-dependent 
morbidity and mortality. The physiological, morphological 
and biochemical changes that occur in embryos cultured 
.-,'" - .. '. . '. . ~-~.-.-;; -
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under hypoxic conditions are likely to provide a more 
detailed account of this mechanism. 
The Mechanism of Hypoxia-Dependent Morbidity and Mortality 
Morphological studies have provided great insight into 
the mechanisms of hypoxia-dependent morbidity and 
mortality. Malformations, the most obvious morphological 
change 
may be 
of chick embryos cultured under hypoxic conditions, 
classed as major or minor. Major malformations 
include abnormal morphological changes in organs and 
systems, while minor malformations include abnormal 
morphological changes in individual cells or 
(Romanoff, 1972). 
tissues 
Detailed observations of embryos grown under low 
oxygen concentrations (Grabowski and Paar, 1958) showed 
that many malformations may be present in dead embryos. 
Defects of the eye, nervous system, body axis, beak (short 
upper), extremities, blood vessels, heart, subcutaneous 
blebs, and umbilical 
malformations described 
hernias are some 





incidence of abnormalities is proportional to the degree of 
oxygen deficiency, but only within a narrow range. 
Hypoxia usually creates physiological problems that 
are readily detectable at the blood level. In an attempt 
to supply all tissues with an adequate volume of oxygen, 
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red blood cell counts increase when environmental oxygen 
concentrations are low (Tazawa, 1980). Tazawa showed that 
as the oxygen tension of the blood decreased, the number of 
red blood cells per cc of blood (hematocrit) increased, 
allowing more oxygen to be delivered to the developing 
tissues. 
Grabowski ~ al. (1968) showed that hypoxia can be 
associated with 
heart beat. 
changes in embryonic blood pressure and 
They stated that a decreased oxygen 
concentration caused embryonic blood pressure to increase 
significantly. This change in blood pressure has been 
associated with hemorrhaging. Other changes in the 
circulatory system have also been reported by Grabowski 
(1970). Blood vessels change in size if embryos are 
exposed to six percent oxygen for six hours or more. Blood 
vessels under hypoxic conditions dilate, allowing a greater 
surface area for a greater number of red blood cells to 
absorb oxygen. Cardiac arrest has also been associated 
with embryonic hypoxia 







available, since heart tissue is highly susceptible to 
permanent damage from hypoxia. The severity of 
physiological changes caused by hypoxia is closely related 
to the length of exposure and the stage of development of 
the embryo at the time of exposure to low oxygen 
20 
concentrations. 
To better understand the mechanism of hypoxia-induced 
morbidity and mortality, a review of the cellular changes 
is warranted. Most physiological activities are under 
chemical influence, therefore, changes in compounds such as 
proteins, hormones, and metabolites have provided some 
insight into the overall 
morbidity and mortality. 
mechanism of hypoxia-induced 
Grabowski (1966) analyzed blood 
samples from developing chicks to determine their 
biochemical composition. In measuring total serum proteins, 
he detected only minor differences in the concentration of 
hypoxic and normal embryos. Concentrations of substances 
such as potassium, calcium, and phosphate were shown not to 
vary under different levels of oxygen. However, 
concentrations of lactic acid and free amino acids were 
considerably higher in the blood of embryos incubated under 
hypoxic conditions. 
Some insight might be gained into the increased 
concentration of these compounds through a consideration of 
the role of oxygen in their production. First, under 
hypoxic conditions, adequate oxygen for respiration is not 
available, therefore, lactate is produced as a by-product 
of glycolysis. A reduction in protein metabolism may 
explain the increase in the free amino acid pool. Protein 
synthesis is one of the most energy expensive functions of 
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the cell. The formation of peptide bonds in protein 
synthesis requires a great deal of energy in the form of 
ATP and GTP. Since oxygen is directly linked to the 
production of chemical energy, less than normal oxygen 
concentrations would likely reduce ATP and GTP production. 
Without an adequate supply of energy to power the machinery 
used in protein synthesis, free amino acids may accumulate 
in concentrations greater than under normal conditions. 
Lactate assays have been used as an effective means of 
measuring oxygen debt (Marbach and Weil, 1967; Huckabee, 
1958). In oxygen debt, the respiratory chain retards 
+ 
the conversion of NADH to NAD a key component of 
glycolysis. The result of this alteration in metabolism 
is an increase in the cellular concentration of NADH while 
+ 
the concentration of NAD decreases. This imbalance would 
stop almost all 
alternate pathway 
energy production if it were not for 
+ 
to regenerate NAD (Lehninger, 1982). 
an 
In 
higher organisms, including birds, pyruvate is converted to 
+ 
lactate with the concomitant production of NAD (Lehninger, 
1982). Because of this system, organisms are able to 
survive mild hypoxia. However, under prolonged hypoxia, 
excess lactate levels may lead to malformations and/or 
mortality (Grabowski, 1961). Along with the changes in 
metabolism, changes in chemical by-products such as lactic 
acid and cytochrome oxidase are detectable under hypoxic 
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conditions (Albaum ~ al., 1946). 
Grabowski (1961) reported results which showed lactate 
as a major teratogenic agent during hypoxia. Chick embryos 
cultured under hypoxia were shown to experience an 8-fold 
increase in lactate concentration, with lactate levels in 
the blood reaching as high as 1300 mg/ml. The effects of 
lactate were clearly demonstrated in studies in which 
embryos were injected with 0.01 to 0.03 ml of 0.01% lactate 
in saline. Grabowski (1961) reported that the effects of 
lactate injections closely paralleled the effects of 
hypoxia - namely extensive edema followed by the appearance 
of subcutaneous blisters, hematomas and abnormal 
development. 
The hemoglobin concentration of chick red blood cells 
has been shown to increase as the concentration of oxygen 
decreases (Romanoff, 1960). 
just as 
adjust to 





carry more oxygen to compensate for an oxygen-
deficient environment. 
The blood chemistry of chick embryos cultured under 
hypoxic conditions is somewhat different than that of 
normal chick embryos. Chemicals needed to regulate blood 
formation and other mechanisms of adjusting to hypoxia are 
thought to be present in the blood of hypoxic embryos. For 
this reason, identification of hypoxia is generally 
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centered around blood analyses. Although a greater number 
of RBC's is produced and the concentration of hemoglobin 
increases, this is often not enough to correct large oxygen 
deficiencies. Greenwald (1925) identified large quantities 
of 2,3-diphosphog1ycerate (2,3-DPG) in the red blood cells 
of pigs. Some 42 years later, Benesch and Benesch (1967) 
and Chanutin and Curnish (1967) reported work which 
suggested that the physiological role of 2,3-DPG was to 
help regulate oxygen levels in respiring tissues by 
reducing the time that oxygen is associated with 
hemoglobin. Coupled with the fact that hemoglobin has a 
preferential affinity for 2,3-DPG over oxygen, 2,3-DPG 
serves as an effective regulator for oxygen transport. 
The level of 2,3-DPG in RBC's has been used to 
indicate hypoxic conditions. 2,3-DPG levels are elevated 
under conditions such as chronic anemia (Eaton et a1., 
1970) and sickle cell anemia (Charache et a1., 1970). 
Increases in 2,3-DPG are thought to help overcome hypoxia 
by enhancing the release of oxygen from hemoglobin 
(Charache ~ a1., 1970). Therefore, when oxygen levels 
are low, 2,3-DPG levels are high, resulting in a shift of 
the oxygen dissociation curve of hemoglobin to the right. 
Studies of chick RBC's have shown that 2,3-DPG levels 
change inversely with exposure to varying levels of oxygen 
(Ingermann et ~., 1983). Hyperoxia was shown to have no 
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influence on 2,3-DPG or ATP levels prior to the 14th day 
of culture (Ingermann ~ ~., 1983). However, after that 
period, hyperoxia causes 2,3-DPG levels to decrease and ATP 
levels to increase. Conversely, 
concentrations cause ATP levels to 







Embryos cultured 12 days in air and then exposed to 15% 
oxygen for 24 hr show a 9% reduction in ATP while 2,3-DPG 
levels rise by 1300% (Ingermann ~ ~., 1983). Embryos 
cultured under 15% 02for 14 days experience a 140% 
increase in 2,3-DPG while ATP concentrations decrease by 
35% (Ingermann et ~., 1983). Although it has been 
clearly demonstrated that 2,3-DPG is present in varying 
concentrations in chick embryos (Isaacks and Harkness, 
1975), the 
not readily 
exact purpose of 2,3-DPG in chick embryos is 
apparent. Responses to changes in oxygen 
concentrations and interactions with hemoglobin indicate 
characteristics of 2,3-DPG and not its role in the normal 
development of chick embryos. Measurement of 2,3-DPG, 
however, is an effective tool to study changes in oxygen 
concentrations. 
Hypoxia of embryos cultured in ~ has provided a 
useful frame of reference for understanding many of the 
abnormal developmental characteristics of embryos cultured 
in vitro. Shell-less embryos cultured in air experience 
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abnormalities similar to those of in ~ embryos maintained 
in environments of low oxygen content. Although there has 
been no direct link between the death of chick embryos 
cultured in vitro and hypoxia, several characteristics of 
shell-less chick embryos suggest a relationship (Lester and 
Parker, 1983). Reduced rates of growth, development and 
survival of shell-less embryos are similar to 
characteristics of embryos maintained in ovo under low 
oxygen concentrations. Since embryos cultured in vitro are 
exposed to air, oxygen deficiences may be created by 
abnormal membrane development, culture vessels of low 
oxygen permeability, insufficient use of available oxygen 
I 
or a combination of the above events. The present study 
assesses the effects of increased oxygen concentrations in 
the improvement of growth, development and survival of 
shell-less embryos through the determination and 
manipulation of the culture system and various metabolic 
processes. 
CHAPTER III 
MATERIALS AND METHODS 
Culture Vessel Preoaration 
This technique utilizes a 7.5 cm (rim diameter) cup-
type culture vessel constructed from a 207 ml disposable 
specimen cup (Fisher No. 14-375-127) or other brand of 
clear plastic cup with a 7.5 cm rim diameter. The vessel 
was prepared by drilling four orthogonal holes in the cup. 
Each hole, 6 mm in diameter, was located approximately 3 cm 
from the rim of the cup. Plastic fragments around the 
holes were removed to prevent damage to the wrap. The 
culture vessels were washed with an antiseptic soap 
solution, rinsed with distilled water, dipped in 70% 
ethanol, and allowed to air dry. Approximately 60 ml of 
distilled water were added to each cup to help regulate the 
humidity of the culture environment (Fig. la). Antiseptics 
such as Roccal II (Mallinckrodt) diluted 200-fold with 
distilled water may be added to the reservoir of the 
culture vessel as an additional means of preventing 
contamination. The culture vessels were placed on a slide 
warmer to allow the temperature of the water to equilibrate 
with the temperature of the future culture environment. 
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Fig.!. Components of the cup-type chick culture system 
used to prepare and maintain shell-less chick 
embryos. (a) Cup-type culture vessel and 
other materials used to culture shell-less 
chick embryos; (b) the etching process used to 
prepare eggs for shell-less cultuers; (c) 
separation of the eggshell halves with the use 
of a scapel blade and three-finger clamp; (d) 
modified weighing boat used in the transfer of 
embryos from the eggshell to the culture 
vessel; (e) an assembled culture vessel 
containing a 72-hr embryo. The insert at the 
upper right of the figure illustrates a 





Fertilized chicken eggs (White Leghorn) were 
obtained from a local hatchery (Haley Farms, Inc., Canton, 
GA) and incubated in a rotary incubator (Petersime, Model 
#1) for approximately 72 hr at 37.5 °C and 60% relative 
humidity. The eggs were automatically turned 12 times 
daily. Eggs used for in ~ studies remained in the rotary 
incubator throughout incubation. Eggs used for shell-less 
studies were removed from the incubator, wiped with 70% 
ethanol and placed on a slide warmer to allow the eggs to 
air dry while maintaining a constant temperature. 
The removal of chick embryos was conducted by etching 
a narrow groove around their eggshells with a polishing 
blade that had been attached to a variable-speed drill. 
The drill was mounted with a burette clamp and the speed 
adjusted to give a smooth stroke. The etching process was 
conducted by carefully rotating the eggshell on the edge of 
the polishing blade (Fig. Ib). Special care was taken to 
ensure that the etching process was performed on the lower 
side of the egg. This precaution helped to prevent damage 
to the embryo in cases in which the polishing blade 
penetrated the shell membranes. Four orthogonal incisions 
were made through the eggshell, normally without piercing 
the shell membranes. These incisions were made to allow 
for the insertion of a scapel blade through the eggshell. 
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Next, the egg was placed between the bars of a three-
fingered clamp and the tip of the scapel blade was inserted 
through the incisions from the lower side of the eggshell 
(Fig. lc). A smooth crack was produced by twisting the 
scapel blade against the walls of the shell. The scapel 
blade was also used to cut the inner and outer shell 
membranes as the shell halves were being separated. Embryo 
and egg contents were carefully deposited on a 25 x 30 cm 
sheet of plastic wrap (Handi-Wrap, Dow Chemical Co., 
Midland, Michigan) which had been draped over a 14 x 14 cm 
modified weighing boat (Fig. 1 d) • The weighing boat was 
modified by removing a 7.5 x 7.5 cm section from the bottom 
and replacing the section with a 8.0 x 8.0 cm weighing 
boat. The design of the modified weighing boat allowed 
less pressure to be exerted on the vitelline membrane. The 
plastic wrap containing the embryo was lifted from the 
weighing boat and placed into the culture vessel. The 
embryo was suspended within the culture vessel by placing a 
rubber band around the cup to hold the plastic wrap in 
position (Fig. Ie). Excessive plastic wrap was trimmed to 
help prevent contamination. No antiseptics or media were 
added to the culture system. 
Once positioned within the culture vessel, each 
embryo was examined for defects. All embryos with 
noticeable defects such as broken yolks, ruptured blood 
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vessels or inverted with yolk on top of the embryo were 
eliminated prior to the study. Selected embryos were then 
staged according to the method of Hamburger and Hamilton 
(1951), assigned an identification number and covered with 
the top or bottom of a 100 x 15 mm transparent disposable 
Petri dish. The Petri dish was positioned to allow for 
gas exchange. Culture vessels containing embryos were then 
placed in C~ incubators (Hotpack, Model #352101 or Forma 
Scientific Model #3158) and cultured for the remainder of 
the incubation period at 37.5°C, 90-95% relative humidity 
and various gas compositions. Oxygen concentrations were 
controlled with an oxygen flow regulator (National Cylinder 
Gas Co., Model #5860) and calibrated with an oxygen 
analyzer (Ventronics, Model #5524). In some studies, 
gases were purchased at the desired oxygen concentration. 
All gases were purchased from Specialty Gases of Atlanta, 
Atlanta, GA. Plastic wraps were purchased from a local 
supermarket. 
Determination of Survival, Growth and Development of 
Shell-less Chick Embryos 
Survival was monitored by checking embryos twice 
daily for mortality. An embryo was considered dead when it 
showed no signs of movement, no cardiac activity and/or 
when the circulatory system began to deteriorate. All dead 
embryos were examined for abnormalities, weighed and 
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staged. Generally, the first 24 hours of incubation were 
used to eliminate eggs that were not fertile, 
malpositioned, contained broken yolks or showed signs of 
bacterial or fungal contamination. After this period, all 
other embryos were used in the study. Embryos used to 
determine growth and development were cleansed of yolk, 
membranes and other extraembryonic materials. The embryos 
were then briefly washed with water and blotted dry on 
paper towels. Growth of the embryos was determined as the 
wet weight. Embryonic development was determined according 
to the method of Hamburger and Hamilton (1951). However, 
during the latter stages of development (stages 36-44) 
third-toe measurements were used as the sole criterion for 
This approach was taken because toe development. 
measurements were much more consistent with overall 
development. Upper beak measurements, which are commonly 
used in the method of Hamburger and Hamilton, were omitted 
since some shell-less embryos suffered abnormal beak 
development. 
Hematocrits and RBC Counts 
Approximately 20.0 ul of blood were diluted to a final 
volume of 4.0 ml with avian physiological saline (0.75%). 
The sample was vortexed lightly to obtain a homogeneous 
suspension of blood cells. A small aliquot of the cell 
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suspension was removed and added to a hemocytometer to 
determine RBC counts per ul of whole blood. Hematocrit 
values were determined as the percentage of packed red cell 
volume in a known volume of blood. Whole blood from free-
flow punctures was collected in hematocrit tubes (VWR No. 
15401-560). The tubes were sealed at the bottom with clay 
and centrifuged for approximately 5 minutes to determine 
hematocrits. 
Biochemical Analyses of Blood Samples 
Biochemical analyses of whole blood, red blood cells 
and serum samples were conducted on three groups of 
embryos: (1) in ~ controls; (2) a shell-less group grown 
in air and (3) a shell-less group grown in 30% oxygen. 
Embryos grown in ~ were prepared for blood sampling by 
removing a section of the eggshell and inner and outer 
shell membranes to expose blood vessels located in the CAM. 
After the blood vessels had been exposed, the CAM was 
blotted dry with a fine grade paper towel (Kimwipe, 
Kimberly-Clark Corporation). Blood samples in all cases 
were collected from free-flow punctures created by piercing 
a branch of the allantoic artery with the tip of a 26 gauge 
needle. The blood was immediately collected as it flowed 
from the punctured vessel to prevent clotting or 
contamination by other fluids. Special care was taken to 
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ensure that blood was taken from vessels exposed to the 
surface of the CAM. This precaution was instrumental in 
preventing fluid contamination. Blood samples from shell-
less embryos were collected in a manner similar to that 
described for in ~ embryos, except that the CAM of shell-
less embryos was already exposed and allowed easy access to 
the vessels. Often vessels in the CAM of shell-less 
embryos were positioned below a thick layer of tissue which 
made it difficult to collect pure blood samples. Under such 
conditions it was necessary to locate small branches of 
vessels near the surface of the CAM or to elevate vessels 
above the tissue. 
Hemoglobin. (RBC) Protein and (RBC Ghost) 
Protein Determinations 
Hemoglobin concentrations were determined spectropho-
tometrically as cyanmethemoglobin at 540 nm. RBC sus pen-
sions used in RBC counts were centrifuged for five minutes 
to pellet the cells. The saline solution was then aspirated 
and the cells lysed with 1.0 ml of distilled water. The 
mixture was vortexed well to ensure complete lysis of all 
cells. Routinely, samples of the lysate were analyzed 
under a light microscope to confirm lysis. The mixture was 
then centrifuged again to pellet RBC ghosts and other 
cellular debris. Approximately 0.5 ml of the supernatant 
was mixed with 1.5 ml of Drabkin's reagent (Drabkin and 
Austin, 1932) and then allowed to react in the 
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dark for 20 minutes before readings were taken. Purified 
human hemoglobin was used as a standard. Protein 
concentrations were determined using 0.1 ml aliquots of 
the RBC lysate by the method of Lowry ~ al. (1951). Bovine 
serum albumin (BSA) was used as a standard. The remaining 
supernatant was decanted and the pellet washed with 0.75% 
saline. The mixture was centrifuged and the supernatant 
decanted. The wash was repeated and the pellet containing 
RBC ghosts was mixed with 1.0 ml of IN NaOR and vortexed 
well. A 0.2 ml aliquot of the dissolved RBC ghosts was 
used in a Lowry protein assay. The content of hemoglobin, 
6 
RBC proteins and RBC ghost proteins were reported as mg/10 
cells. 
Serum Glucose, Protein and Calcium Levels 
Serum was used to determine blood levels of glucose, 
protein and calcium of chick embryos. In these 
experiments, blood was collected in (75 mm x 1.1-1.2 mm 
inner diameter) non-heparinized capillary tubes (VWR No. 
15401-650). The tubes were stored in a verticle position 
for approximately 10 minutes to allow the blood to clot. 
The tubes were then centrifuged for 5 minutes to separate 
the serum from the formed blood elements. The capillary 
tubes were broken and the serum from the same animal 
pooled, placed on ice and used in glucose, protein and 
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calcium assays. Glucose concentrations were determined by 
the modified methods of Raabo and Terkildsen (1960) as 
reported in Sigma No . 510. In this experiment, 40 ul of the 
pooled serum were diluted to a final volume of 1.0 ml with 
distilled water. An enzyme-color reagent solution was 
prepared by adding 1 enzyme capsule (Sigma No. 510-6) (500 
units of glucose oxidase, 100 Purpurogallin units of 
peroxidase and buffer salts) to 100 ml of distilled water 
in an amber bottle. A 1.6 ml volume of a color reagent, 0-
dianiside dihydrochloride (1.5g/ml) (Sigma No. 510-50), 
was then added to the 100 ml of enzyme solution. A 
reaction mixture was prepared by adding 0.1 ml of the 
diluted serum to 1.9 ml of the enzyme-color reagent 
solution. The mixture was then incubated in the dark at 
room temperature (18-26 C) for 45 min. The reaction 
mixture was read spectrophotometrically at 450 nm. A 
glucose standard (Sigma No. 635-100) was used to prepare a 
standard curve. A 0.2 ml sample of the diluted serum was 
used to determine serum protein concentrations by the 
method of Lowry ~~. (1951) with BSA as a standard. 
Calcium concentrations were determined using undiluted 
pooled serum samples. An automatic 
(Precision Systemic '4008) was used in 
calcium analyzer 
the assays. In 
these assays, 20 ul of serum were reacted with a calcium-
binding fluorescent reagent, thus creating an increase in 
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fluorescence. The fluorescence was quenched back to an 
initial level by titrating the reaction mixture with 
ethylene glycol bis (2 aminoethyl ether) tetraacetic acid 
(EGTA) to chelate the calcium. The differences in 
fluorescence were used to estimate serum calcium contents. 
Lactate. 2,3-DPG and ATP Content of Whole Blood 
In the following three assays whole blood was used. 
Lactate concentrations were determined using a modification 
of the method of Henry (1968) (Sigma No. 826-UV). In these 
experiments, 60 ul of whole blood were collected from free-
flow punctures and mixed with 0.3 ml of 8% (W/V) perchloric 
acid. The mixture was immediately vortexed and placed in 
an ice bath until all samples were collected. After all 
samples had been collected, they were vortexed and 
centrifuged for 5-10 min at approximately 3000 RPM to 
prepare a protein-free supernatant. A reaction mixture was 
+ . prepared by mixing 10 mg of NAD (S1gma No. 260-110), 2.0 
ml glycine buffer (0.6 M glycine, 0.5 M hydrazine, pH 9.2; 
Sigma No. 826-3), 4.0 ml of distilled water and 0.1 ml of 
lactate dehydrogenase (Sigma No. 826-6). A 0.1 ml aliquot 
of the protein-free supernatant was added to 0.7 ml of the 
reaction mixture and the mixture was allowed to incubate at 
room temperature for 30 min. After incubation, each sample 
was read at 340 nm (uv) (Beckman DU 8B). A lactic acid 
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standard solution (Sigma No. 826-10) was used to prepare a 
standard curve. 
Whole blood measurements of 2,3-diphosphoglycerate 
(2,3-DPG) were determined according to the modified 
procedures of Fiske and SubbaRow (1925) (Sigma No. 655). 
In this experiment, 60 ul of whole blood were mixed with 
0.3 ml of 8% trichloroacetic acid (TCA) (Sigma No. 665-8) 
in distilled water. The mixture was immediately vortexed 
and placed in an ice bath until all samples had been 
collected. The samples were vortexed again and centrifuged 
for approximately 10 min to prepare a protein-free 
supernatant. A reaction mixture was prepared which 
consisted of 0.2 ml of the protein-free supernatant, 1.0 ml 
of 0.2 M triethanolamine buffer (pH 8.0) (Sigma No. 665-5), 
8.0 ul of phosphoglycerate mutase (Sigma No. 665-3) and 40 
ul of 0.1 mM phosphoglycolic acid solution (Sigma No. 665-
2). The mixture was then incubated in a water bath at 37°C 
for 15-20 min. The tubes were removed from the bath and 0.8 
ml of 8% TCA added to stop the reaction. To each tube, 0.4 
ml of 1.25% acid molybdate solution (Sigma No. 661-11) was 
added. The solution was vortexed and 0.1 ml of Fiske and 
SubbaRow solution (Sigma No. 661-8) was added. The 
reactants were mixed well and allowed to stand for 10 min 
in order for the color to develop before 
spectrophotometric readings were taken at 660 nm. A 
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phosphorus standard (Sigma No. 661-9) was used to prepare a 
standard curve. 
ATP concentrations were determined for whole blood by 
modifying the procedures of Adams (1963) (Sigma No. 366-
UV). In this experiment, 80 ul of whole blood were mixed 
with 0.15 ml of 12% TCA (Sigma No. 366-12). The mixture 
was vortexed immediately and placed in an ice bath until 
all samples had been collected. The samples were vortexed 
again and centrifuged for 5-10 min to prepare a protein-
free supernatant. A reaction mixture was prepared by 
mixing 0.3 mg of NADH (Sigma No. 340-13) with 1.0 m1 of 
phosphoglyceric acid buffered solution (Sigma 366-1) and 
1.5 ml of distilled water. 
solution was mixed with 
A 0.75 ml aliquot of the NADH 
0.1 ml of the protein-free 
supernatant and an initial absorbance read at 340 nm (UV) 
and recorded. Immediately after the initial reading, 12 ul 
of a glyceraldehyde 3-phosphate dehydrogenase (800 
units/ml)/3-phosphoglyceric phosphokinase (450 units/ml) 
enzyme mixture (Sigma No. 366-2) were added to the cuvet 
and mixed. The absorbance was read until a minimum value 
was reached. The differences in initial and minimum 
absorbance were used to determine relative ATP levels. 
Ultrastructural Examination of Embryonic Chick Liver 
Ultrastructural analysis of liver samples were 
39 
conducted on 16-day-old embryos used in the previous 
assays. After blood samples were collected. the embryo was 
dissected and a small section of the liver removed. The 
tissue was immediately washed with 0.05 M cacodylate buffer 
(pH 7.4) at room temperature. The samples were then cut 
into 1 mm sections and placed in 3% glutaraldehyde (GA) 
in 0.05 M cacodylate (pH 7.4) for 48 hr. The GA was removed 
and the tissue washed with 0.05 M cacodylate for five 
changes at room temperature. The tissue was then stored at 
4°C overnight in buffer. The buffer was removed and the 
sample was post fixed in 2% osmium tetroxide in 0.05 M 
cacodylate (pH 7.4) for 2 hr. After postfixation. tissues 
were washed for 1 hr (5 changes) with ice-cold deionized 
water. The tissues were stored in cold 0.5% uranyl acetate 
for 48 hrs to increase their contrast. After 48 hr. the 
uranyl acetate was removed and the tissue dehydrated in 50% 
ethanol for 10 min. Dehydration procedures were continued 
with 10-min washes using 70% and 90% ethanol. respectively. 
Dehydration was completed with two 10-min changes of 100% 
acetone. Following dehydration the tissue was placed in a 
1:1 mixture of Spurr's low viscosity embedding medium 
(Spurr. 1969) and acetone and allowed to cure overnight. 
Tissue blocks were prepared by placing a few drops of the 
embedding medium into a capsule and then adding a small. 
single piece of tissue. The tissue was positioned at the 
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tip of the capsule. The capsule was then filled with 
embedding medium and incubated overnight at 60 ·C. Thick 
sections (1 um) were cut and stained with toluidine blue 
and thin sections were stained with uranyl acetate and lead 
citrate according to the method of Reynolds (1963). 
Statistical Analyses 
Data were analyzed using the Prophet Computer System 
of the Atlanta University Center's Science Research 
Institute (NIH supported). Because of the size and nature 
of the data, both parametric and nonparametric analyses 
were used. In some studies individual trials of an 
experiment were analyzed separately to emphasize 
significant differences that were masked by variability 
between different experiments. 
CHAPTER IV 
RESULTS 
Although the shell-less culture system has improved 
significantly since scientists reported shell-less culture 
techniques some 100 years ago, very little progress has 
been made since Auerbach ~ al. (1974) and Dunn (1974) 
simultaneously reported results of the long-term survival 
of 72-hr chick embryos. Studies have been continuously 
conducted to eliminate the requirement for the 72-hr ~ ~ 
incubation period and to improve the growth and development 
of shell-less embryos, however, with limited success. 
Generally, studies have addressed the subjects of culture 
vessel design and calcium deficiencies as the major causes 
of problems associated with this system. Results reported 
here provide a detailed account which addresses hypoxia as 
the cause of many of the problems associated with the 
shell-less culture system. Additionally, these results 
provide biochemical characteristics that may be used to 
develop a biochemical profile of the shell-less embryo. 
SurViVal. Growth and Development of 
Shell-less Chick Embryos 
The survival of shell-less embryos was significantly 
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Fig. 2. Daily survival patterns of embryos cultured in 
gas mixtures containing air, 20% 02 and 40% 02' 
Embryos were incubated for 72 hr in ~ prior 
to shell-less culture (shaded area). Oxygen 
concentrations were maintained at constant 
levels throughout incubation; air (-), 20% 02(~) 
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improved by supplementing the culture environment with 
oxygen. Figure 2 depicts the survival of patterns shell-
less embryos cultured during days 4-13 in air, 20% oxygen. 
which is comparable to the level of oxygen found in air and 
40% oxygen. These data show that approximately 80% of the 
embryos survived the first 13 days of incubation when 
cultured in 40% oxygen as compared to 40% survival for 
embryos grown in 20% oxygen and 37% survival for shell-less 
embryos grown in air. While embryos cultured in 40% oxygen 
survived significantly longer (p < 0.05) than embryos grown 
in 20% oxygen or air. there were no significant difference 
(p > 0.1) in the survival patterns when comparing embryos 
cultured in 20% oxygen and air. 
Although environments containing 40% oxygen appeared 
to improve survival of shell-less embryos. the development 
of those embryos was clearly less extensive than that of in 
ovo controls. Therefore. experiments were conducted to 
determine the effects of other concentrations of oxygen on 
shell-less cultures. Oxygen concentrations ranging from 
30-80% were used in these experiments. The results 
depicted in Fig. 3 show that during the first 12 days of 
incubation, embryos cultured in 60% oxygen exhibited a 
survival pattern similar to that of embryos cultured in 40% 
oxygen (compare Figs. 2 and 3). However, during days 13-
14, embryos grown in 60% oxygen experienced a dramatic 
Fig . 3 . Daily survival pattern of chick embryos 
cultured in environments containing continuous 
60% 02 discontinuous 60% 02 and discontinuous/ 
graded 02 treatment. Continuous 60% oxygen 
treatment consisted of 11 days (days 4-14) of 
60% oxygen (e). The discontinuous 60% oxygen 
treatment consisted of 9 days (days 4-12) of 
incubation in 60% oxygen followed 
(days 13-14) of incubation in air 
by two days 
( • ) • Th e 
discontinuous/graded treatment consisted of 60% 
oxygen (days 4-5); 50% oxygen (days 6-7); 
40% oxygen (days 8-9); 30% oxygen (days 10-11) 
and air (days 12-14) (.). Sample size for 
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increase in mortality. In repeated experiments, the 
increase in mortality was observed whether supplementary 
oxygen was removed on day 12, just before the increase in 
mortality, or graded down from 60% to 21% (air) by day 11 
(Fig. 3). 
Since the first sequence of experiments using 40% 
oxygen lasted only 13 days, and oxygen concentrations of 
60% appeared toxic, experiments were repeated using 40% 
oxygen to determine if oxygen toxicity appeared in embryos 
after the first 13 days of incubation. Figure 4a shows that 
when embryos were cultured continuously for 16 days in 40% 
oxygen, a peak in mortality was observed during days 14-16 
with approximately 50% of the embryos dying during that 
period. Embryos cultured in an environment of continuous 
30% oxygen did not experience this abrupt change in 
survival and approximately 80% of the embryos survived 
through this period. 
The use of supplementary oxygen appeared to be most 
effective in supporting survival of shell-less chicks 
during the early stages of development. To further 
investigate the beneficial effects of oxygen on survival 
during early embryogenesis, embryos with no prior in ovo 
incubation were placed in shell-less cultures as described 
in the Materials and Methods section. The 72-hr period 
commonly used for in ~ incubation was substituted with 72 
Fig. 4. The effects of 40% and 30% 02 on the survival 
of shell-less chick embryos. (a) Daily 
survival patterns of embryos cultured for 72 
hr in ovo followed by 13 days (days 4-16) of 
continuous treatment in 40% 02 (e) and 30% 02 
( 0 ). (b) Daily survival patterns of embryos 
cultured without prior in ovo incubation in ---
continuous 40% ~ (.) and discontinuous 40% 02 
(days 4-9 40% 02 and days 10-16 in air) (D). 
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hr of oxygen treatment. The use of supplementary oxygen 
proved to be effective in supporting the long-term survival 
of shell-less embryos with no prior in ovo incubation (Fig. 
4b). This figure shows that embryos removed from their 
shells and cultured with no in ~ incubation followed a 
survival pattern similar to that of embryos incubated in 
~ for 72 hr (compare with Fig 4a). If embryos remained 
in an environment containing 40% oxygen for 16 days, a 
marked increase in mortality was observed during days 14-
16. However, if embryos were removed from the high-oxygen 
environment by day 9 and cultured in air for the remainder 
of the incubation period, no peak in mortality was 
observed. Environments containing as much as 80% oxygen 
also supported the survival of shell-less embryos with no 
in ~ incubation. However, those embryos experienced a 
peak in mortality when the high-oxygen concentrations were 
maintained for the first 12 days of incubation (Fig. 5). 
Embryos 
during 
experienced no significant increase in 
days 13-14 if cultured in an environment 
mortality 
in which 
the oxygen concentration was graded from an initial level 
of 60% on day 1 to a final level of approximately 21% (air) 
by day 9 (Fig. 5). The use of 30% oxygen for as little as 
48 hr during the initial culture period was instrumental in 
supporting the long-term survival of shell-less embryos 
with no prior in ~ incubation. Table 1 depicts the 
Fig. 5. Daily survival patterns of shell-less chick 
embryos without prior in ~ incubation and 
receiving discontinuous/graded oxygen 
treatment. The experiment was designed so that 
one group of embryos was placed in the 
incubator and the oxygen concentration adjusted 
to 80% for the first day. During the following 
days oxygen concentrations were decreased to 70% 
(days 2-3); 60% (days 4-6); 50% (days 7-8); 40% 
(days 9-10); 30% (days 11-12) and air (days 13-
16) (.). On the fourth day of this treatment 
a second group of embryos (.) was placed in 
the same incubator. Their oxygen treatment 
consisted of 60% (days 1-3); 50% (days 4-5); 40% 
(days 6-7); 30% (days 8-9) and air (days 10-16). 
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Table 1. The effects of short-term exposure to 30% 02 on the survival 
of shell-less chick embryos without prior in ~ incubation. 
Hours Cultured in 30% 02 
Day of 
Incubation 0 24 48 72 
(% Survival) 
1 100 100 100 100 
3 60 60 100 100 
7 30 40 90 70 100 
10 30 40 70 60 80 
14 10 40 70 60 60 
aC 3 Control group with three days of in ~ incubation and no 
30% O2 treatment. 
Embryos (except group C) were removed from their shells with 
no in ~ incubation and cultured for 0-72 hr in 30% 02. After 
oxygen treatment the embryos were then incubated in air for the 
remainder of the experiment. Sample size for each group ~ 10. 
50 
survival pattern of embryos incubated from 0-72 hr in 30% 
oxygen. Embryos lacking the 30% oxygen treatment and those 
incubated in 30% oxygen for the first 24 hr showed 10% and 
40% survival rates, respectively, for the first 14 days of 
incubation. In contrast, embryos incubated for the first 
48 hr and 72 hr in 30% oxygen showed 70% and 60% survival 
rates, respectively, during the first 14 days of 
incubation. 
While embryos cultured in oxygen concentrations of 40% 
and above did show signs of increased growth and 
development when compared to shell-less embryos grown in 
air, excessive edema causes the wet weights of embryos to 
be inconsistent with the degree of development. However, 
shell-less embryos cultured in an environment of 30% oxygen 
were useful in assessing the effects of increased oxygen 
concentrations on growth and development, since embryos 
maintained in 30% oxygen did not show signs of edema or 
other characteristics of hyperoxia. To determine the 
influence of oxygen on embryonic growth and development, 
embryos were removed from the incubator after a total of 
10, 14 and 16 days of incubation. They were then cleansed 
of yolk and membranes, blotted dry, weighed and staged. 
Table 2 shows the wet weights and morphological stages of 
development of those embryos. The weights of 10-day-old 
embryos varied slightly in all cases but were not 
Table 2. Comparison of growth and development of 10-, 14- and 16-day-old 
chick embryos cultured in ovo, in vitro (air) and in vitro 
(30% 02 ). --- - ---
IN OVO IN VITRO IN VITRO 
(control) (air) (30% 02) 
Day of b 
Incubation . a We~&!!!. Stage Weight Stage Weight Stage 
a 
b 
10 2.53 36 2.36 36 2.27 
(±0.07) (±0.05) (±0.07) 
14 10.07 40 6.80** 39 7.42* 
(±0.20) (±0.13) (±0.13) 
16 16.35 42 9.98** 40 11.32* 
( ± 0.36) (±0.30) (±0.29) 
Weight determined as wet weight in grams. 
Embryos staged according 
(1951). 
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parentheses represent 
*(p < 0.01 for control 
**(p < 0.05 for air vs 
were incubated 72 hr in ovo prior to 
for each group ranged ~om 10-25. 
standard error of mean (SEM). 
shell-less 
Values in 




significantly different (p > 0.1). After 14 days of 
incubation, both groups of embryos maintained in shell-less 
culture were significantly less developed and weighed less 
than control embryos (p < 0.01). However, the weights of 
embryos cultured in 30% oxygen were significantly 
(p < 0.05) than weights for embryos cultured in 
greater 
air. A 
similar pattern of growth was observed for 16-day-old 
embryos. The patterns of morphological development for the 
three groups of embryos were consistent with the weights of 
the embryos. At day 10, embryos from the three different 
groups appear similar in terms of development. However, by 
day 14, the development of the two shell-less groups of 
embryos is less than that of the control. Differences 
between the 14-day-old shell-less groups were not as 
evident. However, after 16 days of incubation, differences 
in development among the three groups were easily 
discernable. The shell-less embryos grown in 30% oxygen 
are clearly more developed than the shell-less embryos 
grown in air, but, less developed than the controls. 
Hematocrits and RBC Counts 
Red blood cell counts and hematocrit levels were 
(control), determined for three groups of embryos: 
in vitro (air) and in vitro (30% O2 ). Table 3 summarizes 
the data from 10-, 14- and 16-day-old embryos. After 10 
Table 3. Comparison of hematocrit values (Hct) and red blood cells counts (RBC) 
Day of 
from 10-, 14- and l6-day-old chick embryos cultured in ~, in vitro (air) and 







Incubation Hcta RBCb RBC/HctC Hct RBC RBC/Hct Hct RBC RBC/Hct 
10 21.11 1.43 0.068 19.20 1.24 0.064 22.60 1.30 0.058 
(:to.9) (±0.07) (:tl. 37) (:to.08) (:t1.11) (:to.06) 
14 27.10 1.93 0.071 25.30** 1.90 0.075 30.89* 2.10 0.068 
( :t 0.6) (:to.08) (:to.76) (:to.OB) ( :t 1.26) (:to.OB) 
16 30.40 2.17 0.071 30.30 2.20 0.072 34.57* 2.14 0.062 
( :t 1.0) (:to.04) (:t2.06) (±0.10) (:t2.02) (:to.17) 
a 
Hematocrit determined as 
b 
percentage of packed RBC volume. 
6 
c 
RBC counts determined as number of RBC's X 10 jul. 
RBC/Hct was determined by dividing the RBC count by the Hct. The resulting value indicates the number 
of RBC's X 106 needed to make up 1% hematocrit. A value smaller than control indicates an increase in 
cell volume, thus fewer cells are needed to make up 1% hematocrit. 
All in vitro embryos were incubaated 72 hr in ovo prior to shell-less culture. Values in parentheses 
represent SEM. Sample size for each groupJranged from 7-10. 
*(p < 0.1 for O2 vs air and control) 




days of incubation, hematocrits and RBe counts were similar 
for the three groups of embryos. While similarities 
between RBe counts persisted through day 16, at 14 days of 
incubation, hematocrit levels for shell-less embryos 
maintained in 30% oxygen were approximately 22% and 14% 
higher than values for shell-less embryos grown in air and 
controls, respectively (p < 0.1). Significant differences 
(p < 0.1) were also observed between the air group and the 
control group. At 16 days of incubation the hematocrits 
for oxygen-treated embryos were approximately 13% higher 
than the control and air groups. A ratio of the RBe 
counts and hematocrits, which may be used to estimate cell 
volume, indicated that RBe's of oxygen-treated embryos were 
approximately 5-15% larger than RBe's of embryos maintained 
in air and those of in ~ controls. This change in cell 
volume may indicate a higher percentage of larger 
proerythroblasts or oxygen-induced retarded maturation of 
erythroblasts (Romanoff, 1961). 
Biochemical Analyses of Blood Samples 
Biochemical analyses of blood have provided accurate 
methods for studying the effects of hypoxia. Blood, which 
is responsible for the transport of oxygen to tissues, 
signifies hypoxia through a number of biochemical changes. 
Hemoglobin, 2,3-DPG, lactate and ATP are compounds commonly 
used to identify the effects of hypoxia. During hypoxia, 
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the blood of the embryo will adjust to carry more oxygen 
while the embryo relies more heavily on glycolysis. 
On day 10, hemoglobin levels were significantly 
higher (p < 0.1) for oxygen-treated embryos when compared 
to the shell-less embryos grown in air (Fig. 6). 
Significant differences were not observed between the 10-
day-old control and the oxygen-treated group or between the 
control and air group. During days 14-16, hemoglobin levels 
were higher for control embryos than for either of the 
shell-less groups. These changes created significant 
differences (p < 0.1) between the hemoglobin levels of 14-
day-old control and air group as well as between the oxygen 
and air group. On day 16 significant differences (p < 0.1) 
existed between the control and air group while differences 
were not significant between the control and oxygen-treated 
groups or the oxygen-treated and the air groups. Although 
hemoglobin levels of the oxygen-treated embryos appeared at 
a level between the control and air group, hemoglobin 
levels of the oxygen-treated embryos were closer to those 
for the control group than to levels of the shell-less 
group grown in air. 
To determine whether hemoglobin levels reflected the 
pattern of RBC cytoplasmic protein content or whether the 
hemoglobin 
content of 
pattern was unique, total cytoplasmic protein 
RBC's was determined for the three groups of 
Fig. 6. Hemoglobin concentration of 10-. 14- and 16-day-
old embryos cultured in Q!£. in vitro (air) 
and in vitro (30% 02 ). Shell-less embryos 
were incubated 72 hr in Q!£ prior to shell-less 
culture. Mean hemoglobin concentration is 
represented for in ovo (e); in vitro (air) (.) 
and in vitro (30% 02 ) (.) Verticle bars 
represent standard error of mean (SEM). Sample 
size for each group ranged from 7-10. 
, 
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embryos. Cytoplasmic protein content of RBC's from shell-
less embryos was determined as the percentage of the total 
RBC cytoplasmic protein content of the control (Fig. 7). 
Results show that the patterns of RBC protein content were 
similar to the patterns for hemoglobin in the three groups 
of embryos. RBC's from oxygen-treated embryos showed the 
highest level of protein at day 10 (p > 0.1). At 14 days, 
RBC's from control embryos showed the highest level of RBC 
cytoplasmic protein, while the air group showed the lowest 
level (p < 0.1). No significant differences (p > 0.1) were 
seen between control and oxygen-treated group or the 
oxygen-treated and the air group. RBC cytoplasmic protein 
content for the three groups of 16-day-old embryos was 
similar to values for 14-day-old embryos with the exception 
that the oxygen-treated group had a higher concentration of 
protein than the air group (p < 0.1). 
Table 4 depicts protein concentrations from serum and 
RBC ghosts as well as the ratio for hemoglobin to RBC 
cytoplasmic protein content of 16-day-old embryos. 
Hemoglobin/protein ratios were used to determine if there 
were preferential differences in RBC protein content and 
hemoglobin levels. Results show no major differences in 
the hemoglobin/protein ratios for the three groups of 
embryos. Although the amount of RBC cytoplasmic protein 
and hemoglobin varied between the groups, the percentage of 
Fig. 7. A comparison 
concentration 
of RBC cytoplasmic protein 
of shell-less and control embryos. 
Shell-less embryos were incubated 72 hr in £!£ 
and the remainder of the incubation period in 
air or 30% 02. On days 10, 14 and 16 RBC's were 
analyzed for cytoplasmic protein content. 
Values for the air and 30% 02 groups were 
calculated as the percentage of the control 
values. Verticle bars represent SEM. 
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Table 4. Comparison of protein concentrations from different sources in 
l6-day-old chick embryos cultured in ovo, in vitro (air) 
and in vitro (30% 02)' - - - -----
IN OVO IN VITRO IN VITRO 
(control) (air) (30% Oz) 
Hb/proteina 1.00 1.02 1.01 
Ghost protein 
(ug/l0 RBC's) 19.21 19.37 20.64 
(:to.S) (:to.7) (:to.8) 
Serum protein 
a 
(mg/ml) 12.23 8.77* 11.24 
(:to.9) (:to.S) (:t 1.4) 
Hemoglobin (Hb)/protein values were determined by dividing the 
hemoglobin content by the RBC cytoplasmic protein content. The ratio was 
adjusted to 1.00 by dividing the Hb/protein ratio by the ratio of the 
control. Values above 1.00 would indicate a relative increase in the 
percentage of hemoglobin, while values below 1.00 would indicate a decrease 
in the percentage of hemolgobin. Values in parentheses represent :tSEM. 
Sample size for each group from 7-10. 
'" '" 
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hemoglobin in the total protein pool remained relatively 
constant. These results might have been predicted, since 
hemoglobin comprises approximately 80-90% of the total 
cytoplasmic protein content of chick RBG's. The protein 
content of RBG ghosts was quite similar for the three 
groups of l6-day-old embryos. These results may indicate 
that a minimum amount of membrane protein is necessary to 
form a functional RBG. In contrast to RBG ghost protein 
levels, serum protein levels for l6-day-old shell-less 
embryos grown in air were significantly lower (p < 0.05) 
than controls and oxygen-treated embryos. However, there 
was no significant difference (p > 0.1) between the control 
and oxygen-treated embryos. 
Since the data for protein content suggested that the 
rate of metabolism was altered, studies were conducted to 
determine whether the mode of metabolism was altered. Such 
a change would be expected to cause shell-less embryos to 
rely more heavily on glycolytic means of respiration. To 
assess this, glucose, lactate and 2,3-DPG assays were 
performed. For avian species, glucose represents the major 
substrate for anaerobic respiration, lactate the major end-
product and 2,3-DPG an important intermediate. Results 
show that glucose levels were similar for the three 
of 10-day-old embryos (Table 5). However, by 
groups 
day 14, 
Table S. Serum glucose and blood lactate levels of 10-, 14- and l6-day-old chick embryos 
cultured in ovo, in vitro (air) and in vitro (30% 02). 
Glucose a 
(mg/dl) 
Day of IN OVO IN VITRO IN VITRO 
Incubation (control) (air) (30% O2) 
10 172 162 160 
(±7.4) (±8.l) (±8.S) 
14 188 2S0* 199 
(±3.S) (±12.0) (±7.6) 
16 183 299** 196 
(±3.1) (±17.9) (±13.4) 
a 
Glucose concentrations were determined from serum samples. 
b 















In vitro embryos were incubated for 72 hr in ovo prior to shell-less culture. 
Values in parentheses represent ±SEM. Sample size for each group ranged from S-10. 
*(p < 0.01 for control and 02 vs air) 









shell-less embryos grown in air experienced a 33% increase 
in glucose when compared to the control, while shell-less 
embryos grown in 30% oxygen experienced only a 6% increase 
in glucose over control. Glucose levels of 16-day-old 
embryos were similar to those of 14-day-old embryos, with 
the air group showing the highest values, the control group 
the lowest and the oxygen-treated embryos showing an 
intermediate level. Results of lactate assays for 14-day-
old embryos showed that shell-less embryos grown in air 
experienced a 33% increase in whole blood lactate when 
compared to controls. Values for oxygen-treated embryos 
were approximately 25% higher than controls. Lactate 
levels for 16-day-old embryos were similar to those of 14-
day-old embryos except that lactate levels for oxygen-
treated embryos appeared much closer to control values. 
Due to substantial variations in lactate levels among 
embryos within experimental groups, differences between 
experimental and control groups were not statistically 
significant. 
2,3-DPG levels were determined 
samples of 14-day-old chick embryos. 












embryos grown in air or 30% oxygen 
and 25% increase in 2,3-DPG, 
It is important to note that the oxygen-
Fig. 8. 2,3-Diphosphoglycerate concentration of 14-day-
old chick embryos cultured in ~, in vitro 
(air) and in vitro (30% ~). Shell-less embryos 
were incubated 72 hr in ~ prior to shell-less 
culture. Verticle bars represent SEM. Sample 







































































treated group showed a higher level of 2,3-DPG than the air 
group. This increase for the oxygen-treated group is 
difficult to explain in terms of oxygen concentrations, 
since Ingerman ~ al. (1983) showed that elevated 
concentrations of oxygen caused 2,3-DPG levels to decrease 
in 14-day-old in ovo chicks. A decrease in oxygen 
concentration was reported to stimulate an increase in the 
level of 2,3-DPG for in ~ embryos. 
In order to assess the energy state of shell-less 
embryos, blood samples from each of the three groups were 
assayed for ATP content. Results show that at day 10, the 
blood of shell-less embryos grown in air contained a 
significantly decreased (p < 0.05) amount of ATP than 
control and oxygen-treated embryos (Fig. 9). There were no 
significant differences (p > 0.1) in ATP levels for oxygen-
treated and control embryos. While the overall level of 
ATP was shown to decrease from day 10 to 14, ATP levels 
remained lowest for the air group. The oxygen-treated 
embryos experienced a significant decline in ATP content 
after 14 days of incubation when compared to controls. 
However, ATP levels of oxygen-treated embryos remained 
significantly higher (p < 0.1) than the air group. 
Ultrastructural Examination of Embryonic Chick Liver 
Since biochemical analyses indicated an alteration in 
• 
Fig. 9. ATP concentration of 10- and l4-day-old chick 
embryos culuted in ~, in vitro (air) and 
in vitro (30% 02 ). Shell-less embryos were 
incubated 72 hr in ~ prior to shell-less 
culture. Vertic Ie bars represent SEM. Sample 
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metabolism, ultrastructural analyses were conducted to 
determine whether morphological differences could be 
identified at the subcellular level. Liver samples from 
16-day-old control and shell-less embryos grown in 30% 
oxygen were analyzed with the transmission electron 
microscope. Electron micrographs revealed the presence of 
large vesicles in the liver specimen of shell-less embryos 
(Fig. lOa). The vesicles appeared similar to those 
described by Narbaitz et al. (1980) as lipid droplets. 
However, in the present study many of the vesicles 
appeared to be enclosed within mitochondrial-like 
structures (Fig. lOa). While similar vesicles were seen in 
control embryos, their size and numbers appeared to be much 
less than for shell-less embryos (Fig. lOb). No other 
major ultrastructural differences were identified between 
the control and shell-less chick liver specimens. 
-~- - -
• 
Fig. 10. Electron micrographs of liver samples from 16-
day-old chick embryos cultured in £!£ and in 
vi tro (30% 02 ). (a) Transmission electron 
micrograph of liver sample from shell-less 
embryo grown in 30% 02. (b) Transmission 
electron micrograph of liver sample from in ovo 
embryo. V = vesicle, M = mitochondrion, 






This study was designed to determine if shell-less 
chick embryos cultured in air showed signs of hypoxia and 
to find a means of correcting this problem if it exists. 
The working hypothesis for this study was that the removal 
of the eggshell and shell membranes in shell-less cultures 
creates alterations in gas exchange which ultimately lead 
to low oxygen consumption by the embryo. Decreased oxygen 
consumption, manifested as hypoxia, should be detectable as 
decreased rates of growth, survival, development and 
altered metabolic patterns. Several reports have provided 
evidence for the adverse effects of hypoxia on the 
developing embryo. The hypoxic embryo experiences a 
variety of problems, the vast majority of the abnormalities 
appears to be directly or indirectly related to energy 
production. Because oxygen plays a vital role in energy 
production, and because energy is essential for biological 
processes, one may appreciate the devastating effects of 
hypoxia on embryonic development. The hypoxic embryo often 
dies due to abnormal patterns of growth, development and 
metabolism created as the result of an energy deficit. 




supplementary oxygen is very effective in altering the 
patterns of survival, growth, development and metabolism of 
shell-less chick embryos. Oxygen concentrations ranging 
from 30-80% are shown to improve their survival rate and 
development with or without prior in ovo incubation. 
Improvements in survival and growth of shell-less chicks 
without an in ~ culture phase is an important finding, 
since this allows scientists to now investigate the 
earliest phases of embryonic development under conditions 
whereby the organism may be observed and manipulated. An 
oxygen concentration of 30% appears optimum while oxygen 
concentrations of 40-80% causes an increase in mortality 
during days 13-16 when used for the first 10 days or more. 
Thus, the use of supplementary oxygen is most effective 
during the early stages of development (stages 1-36). 
Development and growth of embryos cultured under elevated 
concentrations of oxygen are significantly improved over 
that of shell-less embryos maintained in air, but remain 
significantly less than that of embryos maintained in ovo. 
Biochemical analyses of shell-less embryos grown in air 
also indicates an hypoxic state. The characteristic 
problems associated with hypoxia are greatly improved with 
oxygen treatment, however, oxygen treatment does not 




Survival. Growth and Development of 
Shell-less Chick Embryos 
The survival rates of shell-less embryos are generally 
low in comparison to rates of in ~ controls (Auerbach et 
~. , 1974; Dunn and Boone, 1977; Ingermann ~ ~., 1983; 
Lester, 1981). Further, the survival pattern varies 
greatly throughout incubation. During the first 72 hr of 
incubation, shell-less embryos experience a high mortality 
rate. Scientists have attempted to overcome this problem 
by incubating embryos for 48-72 hr in ~ prior to shell-
less culture (Slavkin ~ ~., 1980; Dunn ~ ~., 1981). 
While incubating embryos in ~ prior to shell-less culture 
does greatly improve survival rates, additional problems 
are created during the removal of the embryo from its 
eggshell. As the embryo develops, the vitelline membrane 
becomes less pliable and is easily ruptured on the rough 
edges of the broken eggshell. Auerbach et al. -- (1974) and 
Narbaitz and Jande (1978) reported that a high percentage 
of shell-less embryos die during the first 72 hr of 
culture due to broken yolks or ruptured blood vessels. 
Techniques reported here, which allow embryos to be 
cultured with no prior in ~ incubation, help to overcome 
these problems by allowing embryos to be cultured prior to 
the development of blood vessels or the weakening of the 
vitelline membrane. 
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The failure of cultured embryos to survive with no in 
~ incubation appears to be caused by abnormalities that 
occur during the first 7 days of incubation, since a 
great percentage of the embryos die during this period. 
Prior to death, conditions such as abnormally positioned 
embryos and abnormal head and heart development can be 
identified in some cultures. The morpohology, growth and 
development of 
appear similar 
embryos cultured under 
to that of shell-less 
elevated oxygen 
embryos that are 
incubated 72 hr ~ ~ prior to shell-less culture. These 
findings may play a crucial role in elucidating the 
requirements for normal growth and development of shell-
less embryos, since scientists have previously found that 
the requirements of embryos during the first 2-3 days of 
incubation are different than those of older embryos. In 
recent studies, Dunn ~~. (1981), reported 0% survival 
after 10 days of incubation for shell-less chick embryos 
which received no prior in ~ incubation. However, more 
than 90% of the embryos survived to this period if 
incubated in ~ for 72 hr prior to shell-less culture. 
Similarly, Slavkin ~ al. (1980) reported only 2% survival 
after 9 days of incubation for shell-less embryos cultured 
with no in ~ incubation. They too reported a much 
greater survival rate if embryos were initially incubated 
for 72 hr in ovo. The results of this study show that 80-
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90% of the embryos cultured with no in £!£ incubation in 
30-80% oxygen survive for 10 days or more. Although 
supplementary oxygen is useful in supporting the survival 
of shell-less embryos, oxygen concentrations above 40% lead 
to malpositioned embryos, and edema and cause embryos to 
sink into pocket-like depressions that form in the yolk. 
A possible explanation for the beneficial effects of 
supplementary oxygen, on shell-less embryos with no in ovo 
incubation, is that the oxygen concentration or partial 
pressure of oxygen in air at 760 mm Hg is not high enough 
to penetrate the multilayered tissues of developing 
embryos. During the first 36-40 hr of incubation, 
developing tissues receive oxygen by simple diffusion 
(Romanoff, 1960) • After 48-72 hr of development, the 
circulatory system becomes functionally developed and 
starts to supply cells of multilayered tissues with oxygen 
(Romanoff, 1960). If oxygen tensions are too low, then 
multilayered tissues formed during the first 24 hr may not 
be adequately supplied. As a result of altered metabolism 
and development within these tissues, the embryo is likely 
to die. This hypothesis seems plausible since shell-less 
embryos survive the first 12-24 hr of incubation with no 
supplementary oxygen. Embryos then experience an increase 
in mortality during hours 25-72. The changes created by 
low oxygen concentrations appear to be permanent, since 
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embryos that survive past the first 72 hr of culture 
experience high mortality rates during days 4-10 unless 
incubated in elevated levels of oxygen. 
These studies show that the effects of oxygen on 
shell-less embryos vary with the embryonic stage of 
development. During days 1-12, shell-less embryos show a 
high tolerance for oxygen, while during days 13-16, the 
embryos become highly susceptible to the toxic effects of 
oxygen. At this time it is not clear whether oxygen 
toxicity is transient for days 13-16 or if it exists from 
days 13-21. The latter seems more likely since preliminary 
studies suggested that 18-day-old shell-less embryos 
exposed to high concentrations of oxygen also experienced 
an increase in their mortality rates. Figure 11 summarizes 
the effects of oxygen on the survival of shell-less 
embryos. Four critical mortality peaks have been observed 
for shell-less embryos. The first peak occurs during the 
first 3 days of incubation, a period when oxygen appears 
most beneficial in supporting survival. Typically, if 
embryos are removed from their shells and cultured with no 
in ~ incubation, only 40-60% of the embryos survive the 
first 3 days of incubation. However, if embryos are 
incubated in as little as 30% oxygen for the first 48 hr of 
incubation, approximately 80-90% of the embryos survive 
this period. The second peak in mortality occurs during 
Fig. 11. Summary of mortality patterns for shell embryos 
cultured under different concentrations of 
oxygen. Each peak represents the percent 
mortality of surviving embryos during critical 
in vitro culture periods and not percent 
mortality of total embryos incubated. Each 
peak was based on findings when the preceding 
peaks were eliminated. 
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days 6-7. Although the second peak is highly variable in 
terms of percent mortality, 
50% of the embryos may die. 
during this period as many as 
This peak in mortality, just 
as the first, is reduced by incubating the embryos in 30-
80% oxygen. Unless the first peak in mortality is prevented 
with a period of ~ ~ incubation or oxygen treatment, the 
large percentage of deaths occurring during the first 
mortality peak will overshadow the second peak of 
mortality. The overshadowing effects are seen in the 
successive peaks as well. The third peak in mortality 
occurs during days 13-16, but differs from the first and 
second peaks in that this peak appears to be caused by an 
excess of oxygen rather than the lack of it. Embryos 
cultured past the first 9 days in 40-80% oxygen experience 
a high peak in mortality during days 13-16, while embryos 
cultured in air after the first 9 days of oxygen treatment 
or in 'continuous 30% oxygen do not. The final peak in 
mortality appears to be independent of oxygen 
concentration, in that embryos cultured in either air or 
high-oxygen environments all die during days 18-21. 
Changes in the normal rates of growth and development, 
which are detectable in shell-less embryos at about day 12, 
decrease almost exponentially during the last 9 days of 
incubation. The possibility of hypoxia as the cause of 
these changes is strengthen by the point that reductions in 
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growth and development of shell-less embryos occur at a 
point in which the CAM of in Q!£ embryos covers much of the 
inner shell membrane. During this same period. the CAM of 
shell-less embryos is greatly retarded in growth following 
its contact with the plastic wrap of the culture vessel. 
Oxygen treatment causes an increase in CAM growth 
(determined visually) as well as an increase in the growth 
of the embryo. Because the CAM is the respiratory organ of 
the chick embryo. reductions in the growth of the CAM may 
aid in creating hypoxia in shell-less embryos. Limited gas 
exchange between the CAM and plastic wrap of the culture 
vessel is another possible cause of hypoxia in shell-less 
cultures. 
Hematocrits and RBC Counts 
One of the most common means of identifying hypoxia 
is to determine RBC counts and hematocrits. By 
definition, under hypoxic conditions tissue oxygen is low, 
and as a means of overcoming this problem, blood-forming 
tissues produce a greater number of red blood cells to 
carry oxygen to hypoxic tissues. Hematocrits also increase 
with 
also 
the increase in RBC's. Increase in hematocrits 
be accounted for by an increase in the percentage 
may 
of 
immature erythrocytes in circulating blood, since immature 
erythrocytes are generally larger in size than the mature 
~-- - -- - - ---~~-------------- ---
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erythrocyte (Romanoff, 1960). 
RBC counts for the three groups of embryos in this 
study were similar for each of the three days tested. 
While these results are inconsistent with studies that have 
shown that hypoxia causes an increase in RBC count 
(Grabowski, 1970), results can be explained in terms of an 
indirect effect of varying oxygen concentrations. Shell-
less embryos grown in air, if hypoxic, would have been 
expected to experience an increase in RBC count. However, 
a small insignificant decrease in RBC count was detected. 
This condition may be explained by results which show 
similar levels of RBC ghost protein for in ovo and in vitro 
(air) embryos, while in vitro (air) embryos show reduced 
levels of protein from other sources. Similar amounts of 
ghost protein may indicate that a minimum level of membrane 
protein is necessary to form a functional cell, therefore 
RBC's with less than the minimum level of protein would be 
defective and not released into circulation or quickly 
taken out of circulation. Hardisty and Wheatherall (1982) 
reported that RBC's can be made defective by removing 
membrane proteins. A reduction in the synthesis of membrane 
proteins may account for the small reduction in the number 
of RBC's of shell-less embryos grown in air. Oxygen-
treated embryos which expressed protein contents similar to 
normal levels may have the protein necessary to produce new 
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RBG's, however, elevated oxygen concentrations may 
eliminate or suppress the response to hypoxia. 
Although hematocrit levels increase for oxygen-treated 
embryos, this increase does not appear to be a response to 
hypoxia since RBG counts themselves do not increase. An 
alternate explanation for the increase in hematocrit for 
oxygen-treated embryos is a retardation in the maturation 
of erythroblasts. Romanoff (1961) reported that under high 
oxygen tension, chick erythroblasts experience a delay in 
maturation. A greater percentage of circulating 
erythroblasts 
since the 
may account for the change in 
erythroblast is larger than 
hematocrits, 
the mature 
erythrocyte. Slightly elevated RBG ghost protein levels 
support this hypothesis by indicating that the larger 
erthroblast has a greater membrane surface and thus, more 
membrane protein. Further evidence to support this 
conclusion is the observation that the RBG's of shell-less 
chicks vary greatly in size with many of the cells are 
noticeably larger than those of control embryos. 
Biochemical Analyses of Blood Samples 
Reductions in the level of ATP synthesis, caused by 
slower rates of aerobic respiration, is one of the most 
adverse effects of hypoxia (Adolph, 1983). Under low 
oxygen concentrations tissues rely heavily on glycolysis, 
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since it provides a means of producing ATP in the absence 
of oxygen. Although ATP is produced, the quantity of ATP 
is much less under anaerobic conditions than under aerobic 
conditions. Because of the reduced ATP level with hypoxia, 
embryos that rely mainly on glycolysis, need more glucose 
to maintain a normal level of energy to support growth and 
development. Additionally, as more glucose is metabolized 
to produce ATP, the level of intermediates of glycolysis 
are also increased along with an increase in the level of 
lactate. Results of glucose, lactate, 2,3-DPG and ATP 
assays indicate a state of hypoxia for shell-less embryos 
grown in air. Low oxygen tension, which results in a lower 
energy state for the embryo, stimulates an increase in 
blood glucose concentration (Jones et ~., 1983). Since 
glucose has a faster turnover rate in hypoxic organisms, 
the level of the intermediates of glycolysis would also be 
expected to increase. This could explain the increase in 
2,3-DPG for both groups of shell-less embryos, which also 
showed elevated levels of glucose and lactate when compared 
to in ~ controls. An increase in the metabolism of 
glucose may also explain why oxygen-treated shell-less 
embryos expressed higher levels of 2,3-DPG than controls 
and shell-less embryos maintained in air. 
Aerobic respiration is a much more efficient means of 
energy production than anaerobic respiration. The avian 
80 
embryo takes advantage of this efficiency by relying more 
heavily on aerobic respiration for energy production. 
Oxygen concentrations may play a vital role in the mode of 
energy production for shell-less embryos, since ATP levels 
are low for shell-less embryos as one would expect for 
hypoxic conditions. Additionally, ATP levels are increased 
with increased oxygen concentrations. A low energy state 
for shell-less embryos is expressed through several 
metabolic parameters including a lower rate of protein 
synthesis. The present studies show that the ATP and 
protein levels are significantly decreased in shell-less 
embryos. Since protein synthesis requires a great amount 
of energy in the form of ATP and GTP, reductions in energy 
levels may be related to reduced protein levels for shell-
less chick embryos. While results of oxygen treatment of 
shell-less embryos indicated a partial recovery from 
hypoxia, it is important to note that an increase in oxygen 
causes ATP levels to increase under normal in ~ 
conditions as well (Ingerman et al., 1983). 
Although shell-less embryos share many of the 
characteristics of hypoxic embryos and those 
characteristics are improved with oxygen, the overall 
growth and development of shell-less embryos grown with 
supplementary oxygen are closer to that of shell-less 
embryos grown in air than to controls. These results 
strengthen the idea that other factors are related to 
- ------
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retarded growth and development of shell-less embryos. The 
most popular alternate explanation relates to calcium 
deficiency. Several scientists have studied calcium levels 
of embryos maintained in shell-less cultures (Dunn and 
Boone, 1977; Taun and Knowles, 1984). These scientist have 
consistently shown that shell-less embryos are deficient in 
calcium. Their data suggest that the removal of the 
eggshell takes away calcium needed for normal development. 
that serum However, results depicted in Fig. 12 show 
calcium levels were significantly higher (p < 0.05) for 
embryos cultured in 30% oxygen when compared to shell-less 
embryos grown in air, although these values remained 
significantly lower than values for control embryos. 
Presently, it is not certain if oxygen stimulates a more 
rapid uptake of calcium from the yolk or the mobilization 
of calcium from bone, however, oxygen does play a 
significant role in this event. The importance of these 
results is two-fold. Firstly, it creates questions 
concerning the role of calcium deficiencies in shell-less 
chick development. These results suggest that the shell-
less embryo may have more available calcium than it 
actually uses. A possible explanation for the failure of 
shell-less embryos to use this calcium is that the uptake 
of calcium from the yolk may be an energy-dependent 
Fig. 12. Serum calcium content of 14-day-old cbick 
embryos cultured in~, in vitro (air) and ~ 
vitro (30% 02 ). Shell-less embryos were 
incubated 72 br in ~ prior to shell-less 
culture. Vertic1e pars represent SEM. Sample 

































process, therefore, the energy-deficient shell-less embryo 
may not be able to provide the energy needed for calcium 
uptake. Secondly, because oxygen is able to induce an 
increase in serum calcium levels, these studies support the 
idea that supplementary oxygen is vital in maintaining 
normal parameters of shell-less embryos. While the role of 
oxygen in improving serum calcium levels is obscure, 
increased ATP levels for oxygen-treated embryos may provide 
the energy needed for the active uptake of yolk calcium. 
Ultrastructural Examination of Embryonic Chick Liver 
Ultrastructural analysis of liver samples provides 
additional support for the hypothesis that hypoxic-like 
conditions act in part to account for the retarded growth 
and development of shell-less embryos. Electron 
micrographs of chick liver revealed the presence of large 
cytoplasmic vesicles. These vesicles contained lipid-like 
material and may represent the accumulation of lipid in 
other cytoplasmic structures. Narbaitz et al. (1980) 
reported the accumulation of lipid granules in the liver of 
chick embryos grown in vitro. Their report did not suggest 
that lipid was accumulating in other structures, but rather 
the presence of large lipid droplets free in the cytoplasm 
for the most part. While the present result is only 
preliminary, it does corroborate the work of Narbaitz et 
~. 
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(1980) and may indicate a reduction in 
degradation or an increase in lipid accumulation. 
lipid 
Since 
lipids are the major nutrient of chick embryos, a reduction 
in lipid degradation would understandably reduce energy 
production. Lipid degradation requires more oxygen per 
gram than does protein and carbohydrate, therefore an 
oxygen deficiency would likely be expressed as the 
accumulation of lipids. Although this study only addressed 
the presence and not the biochemical composition of the 
large vesicles in liver cells of shell-less embryos, if 
they are lipid vesicles then one can develop a new set of 
hypotheses based on the inhibition of lipid degradation in 
shell-less embryos. 
The role of elevated concentrations of oxygen in the 
improvement of the shell-less culture system may be the 
result of an increase in the overall level of energy 
production in shell-less embryos. The increased level of 
energy is used in growth, development and metabolism. With 
parameters of the shell-less embryo closer to normal via 
the supplementation of oxygen, less stress is placed on the 
embryo to survive. An important step in the advancement of 
the shell-less culture system will likely come about as the 




The present study clearly demonstrates the importance 
of supplementary oxygen in the survival, growth, 
development and metabolism of shell-less chick embryos. 
Oxygen concentrations ranging from 30-80% improve various 
aspects of the present shell-less culture system, however, 
30% oxygen maintained throughout incubation appears most 




in ovo incubation. 
the survival of embryos 
While no significant 
differences are detected in the growth and development of 
10-day-old in £!£ and in vitro embryos, 14- and l6-day-old 
in vitro embryos are less developed and lighter in weight 
than in QY£ controls. However, the above parameters of 
shell-less embryos are significantly improved with oxygen 
treatment. Additionally, shell-less embryos grown in air 
share many biochemical characteristics of an hypoxic 
embryo. These characteristics are also improved by 
supplementing the culture environment with oxygen. 
These results clearly establish the use of oxygen as a 
means of improving the shell-less chick culture system. 
Although oxygen improves growth, 
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development, survival and 
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metabolism of shell-less embryos it does not restore the in 
vitro-grown embryo to the level of controls. Differences 
between control and oxygen-treated embryos suggest that 
either an optimum gas composition has not been determined 
or that some other factor(s) aid in producing the abnormal 
characteristics seen in shell-less embryos. This study, 
however, conclusively shows that shell-less embryos grown 
in air share many of the characteristics of hypoxic 
embryos, and that the overall state of the shell-less 
culture system is significantly improved by supplementing 
the culture environment with oxygen. 
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